The 5' terminal cap structure of the mRNAs of human respiratory syncytial virus synthesized in vitro in the presence of S-adenosyl-L-methionine consists of a 7-methyl guanosine linked to an unmethylated guanosine through a 5'-5' pyrophosphate linkage formed by using the 0t and ~ phosphates of GTP. The complete cap structure is mTG (5')ppp(5')Gp...which is devoid of ribose 2'-O-methylation. Capping, including methylation, is coupled to transcription. These results constitute the first report of a pneumoviral mRNA cap structure.
The 5' terminal cap structure of the mRNAs of human respiratory syncytial virus synthesized in vitro in the presence of S-adenosyl-L-methionine consists of a 7-methyl guanosine linked to an unmethylated guanosine through a 5'-5' pyrophosphate linkage formed by using the 0t and ~ phosphates of GTP. The complete cap structure is mTG (5')ppp(5')Gp...which is devoid of ribose 2'-O-methylation. Capping, including methylation, is coupled to transcription. These results constitute the first report of a pneumoviral mRNA cap structure.
The majority of eukaryotic mRNAs contain a unique blocked nucleotide structure at their 5' end, known as the cap structure. Studies of a variety of cellular and viral mRNAs, mostly in the late 1970s, have shed much light on the structure, function and mechanism of biogenesis of the cap (Banerjee, 1980) . The generalized cap structure has been established as mvG(5')ppp(5')NlmpN~pNap .... where N can be either a purine or a pyrimidine. The mTG, containing a methyl group at the N-7 position of guanosine, is at the extreme 5' terminus of the mRNA and found to be invariant in all caps studied to date. Methylations at the N t and N~ positions, on the otl~er hand, are substitutions at the T-OH group of the ribose moiety. The various cap structures are classified on the basis of the number of methyl groups they contain. Caps in which the only methylation is in the universal mTG are called cap 0 whereas caps with additional methylation in N~ or in both N 1 and N 2 are called cap 1 and cap 2 respectively (Banerjee, 1980) . Although most caps in nature are of the cap 1 type, cap 0 type is found in mRNAs of plant viruses (Guilley & Briand, 1978; Zimmern, 1975) . In addition, mRNAs of Newcastle disease virus, the only paramyxovirus for which the cap structure is known, also belong to the cap 0 type (Colonno & Stone, 1975 . Cap structures in general were shown to play important roles in enhancing the translational efficiency as well as the stability of the mRNAs (Banerjee, 1980; Both et al., 1975) . In many instances, the enzymes catalysing the series of biochemical reactions leading to the formation of the cap have been characterized and purified to homogeneity. Such activities include a nucleotide phosphohydrolase, a guanylyltransferase, and two methyltransferases (Banerjee, 1980 ). The mechanisms of synthesis of the cap have proven to be particularly elusive in the case of the non-segmented negative-strand RNA viruses. These viruses are classified into three families: Rhabdoviridae, Paramyxoviridae and Filoviridae. Studies of transcription of vesicular stomatitis virus (VSV), the prototype rhabdovirus and the most extensively studied member of this class, have shown that the functional RNA polymerase is composed of two viral proteins, the large protein L and the phosphoprotein P (Banerjee & Barik, 1992) . Together, these two proteins transcribe the negative-strand genome RNA which in turn is intimately wrapped with the viral nucleocapsid protein N. Genetic and biochemical reconstitution studies have suggested that the L protein may encode all known enzymatic activities of the transcription complex, such as ribonucleotide polymerase, the polyadenylation activity, and the 5' capping activity that includes guanylyl-and methyltransferases. The accessory activities, namely mRNA capping and polyadenylation, are tightly coupled to transcription; mRNAs transcribed by the viral polymerase are found capped and polyadenylated and exogenously added, preformed mRNAs are not modified by the viral transcription machinery (Abraham & Banerjee, 1976; Banerjee & Barik, 1992) .
Although VSV was one of the first organisms in which the cap structure was discovered (Rhodes et al., 1974) , in the subsequent years cap structures were elucidated for only two other non-segmented negative-strand RNA viruses, namely spring viraemia of carp (SVCV; a rhabdovirus) and Newcastle disease virus (NDV; a paramyxovirus). The mRNAs of VSV and SVCV were shown to have the identical cap structure mTGpppAmp- (Abraham et al., 1975; Gupta & Roy, 1980) , but the structure of the NDV mRNA cap is mTGpppGp- ( Colonno & Stone, 1976) . Therefore, it appeared that rhabdoviral cap structures were of the cap 1 type and the paramyxoviral one was of type 0. However, until more examples are available, these generalizations must be considered tentative. The exact biochemical pathway of cap synthesis in these viruses and the enzymes involved also remain unidentified. I have recently developed an in vitro system of transcription for human respiratory syncytial virus (RS virus) based on the viral ribonucleoprotein (RNP) (Barik, 1992) . Transcription in this system showed an obligatory requirement for host cell proteins. Classified as a member of the Paramyxoviridae family, RS virus is further subgrouped in the genus pneumovirus which it shares with mouse pneumonia virus, turkey rhinotracheitis virus and the bovine RS viruses. RS virus possesses a number of unusual features that are absent from other paramyxoviruses, e.g. non-structural proteins that are synthesized in large quantities, absence of haemagglutinin and neuraminidase activities, and a larger number of genes (Collins, 1991) . The in vitro transcription system of RS virus, however, exhibited some of the general properties of transcription of nonsegmented negative-strand RNA viruses, namely polarity of transcription and polyadenylation of mRNA (Barik, 1992) . In continuation of these studies, I now report that RS viral mRNAs synthesized in vitro are also capped at the 5' end. In addition, I present a detailed chemical and enzymatic analysis of the cap which resulted in the complete elucidation of its structure. A flow-sheet of the reactions leading to the deduction of the cap structure is depicted in Fig. 1 which will be referred to as and when needed.
In vitro transcription of RS viral (Long strain) RNP purified from infected Hep-2 cells at 12 h post-infection was carried out in the presence of a cytosolic extract of uninfected Hep-2 cells exactly as described previously (Barik, 1992) . In brief, 20 ~tl transcription reactions contained 50 mN-Tris-acetate pH 8.0, 120 mN-potassium acetate, 5 mM-MgCI~, 5% glycerol, 1 mM-DTT, actinomycin D (2 gg per ml), 0.4 mM each of CTP, GTP and UTP, 1 mN-ATP, 10 gg RS viral RNP purified from infected cells and 5 gg of soluble proteins from uninfected cells. Reaction mixtures were incubated at 30 °C for 2 h. All radionucleotides were purchased from Amersham, the only exception being [13,7-32P]GTP which was from ICN Biomedicals. Various enzymatic analyses of the labelled poly(A) ÷ mRNAs were carried out essentially as described earlier (Abraham et al., 1975; Colonno & Stone, 1976) .
To determine whether RS viral mRNAs are methylated, in vitro transcriptions were carried out in the presence of
The poly(A) ÷ mRNAs were selected as described (Maniatis et al., 1982) and were found to contain 14C label, suggesting the existence of methyl groups. The total amount of mRNA synthesized was determined from a parallel reaction containing [a-a2P]UTP but no SAM, and the number of moles of mRNA was calculated on the basis of the relative amount of each class of mRNA (Barik, 1992) and their deduced size (Collins, 1991) . These estimates indicated the presence of approximately 1.1 methyl groups per mRNA chain. To locate the methyl group precisely, l~C-methyl-labelled mRNAs were digested with RNase T2 (which degrades RNA to 3'-mononucleotides in the absence of 2'-O-methylation) and the resulting product was analysed by DEAEcellulose column chromatography in the presence of 7 Murea as described (Banerjee & Shatkin, 1971) . A single peak of I~C radioactivity eluted at -4 charge (Fig. 2a) , which could correspond to either of the following: pNmpNp, mNpppNp, or NppNmpNp. The labelled material was desalted and a portion was treated with bacterial alkaline phosphatase (US Biochemicals). The resulting product eluted at around -2 charge in DEAE-cellulose chromatography (Fig. 2b) , indicating the loss of one phosphate group. This result eliminates the structure pNmpNp since alkaline phosphatase would remove two phosphates from it. To distinguish between the other two structures, another portion of the RNase T2-resistant material was treated with penicillium nuclease (nuclease P1 from Boehringer Mannheim; cleaves RNA into 5'-mononucleotides, irrespective of 2"-0-methyl groups). When analysed in DEAE-cellulose, the product behaved exactly like the product of phosphatase treatment (Fig. 2c) , again suggesting the loss of one phosphate group. The structure NppN~pNp is, therefore, unlikely since penicillium nuclease would remove two phosphates from it. Thus, the most probable structure of the RNase T2-resistant material is mNpppNp (see Fig. 1, species A) . To pinpoint further the location of the methyl group, the l~C-methyl-labelled RNase T2-resistant material (Fig. 2a) was analysed by high-voltage paper electrophoresis carried out essentially as described (Banerjee et al., 1969) . Results presented in Fig. 3 show that following Fig. 3 . Paper electrophoretic analyses of enzymatic digestion products of l~C-methyl-labelled mRNA. Various samples were spotted on Whatman 3MM paper at the 'origin' and electrophoresed in pyridine-acetic acid-water (1 : 10:89) at 2500 V for 30 min. The paper was then dried and cut into 0.5 cm pieces. Radioactivity in each piece was determined by scintillation counting. The following samples were analysed: RNase T2-resistant product eluted from DEAE-cellulose at -4 charge (Fig. 2a) and treated with phosphatase (a); radioactive spot in (a) eluted and a portion digested with nucleotide pyrophosphatase (b); the other portion digested with nucleotide pyrophosphatase and phosphatase (c). Appropriate non-radioactive marker nucleosides and nucleotides were included in each sample; their positions after electrophoresis were located by u.v. light and are indicated in each panel.
treatment with phosphatase, the RNase T2-resistant material migrated near the GMP marker ( Fig. 3a; species B in Fig. 1) . This material was then eluted from the paper (Colonno & Stone, 1976 ) and a portion treated with nucleotide pyrophosphatase; the product (species D in Fig. 1 ) comigrated with authentic m7GMP (Fig. 3b) . The other portion of the phosphatase-resistant, RNase T2-resistant material was treated with a combination of pyrophosphatase and phosphatase. The product of this reaction (species G in Fig. 1 ) comigrated with authentic mTG (Fig. 3c) . These results suggest that the RS viral mRNA cap structure contains a phosphatase-resistant pyrophosphate linkage and that its likely structure is mTGpppNp.
In order to determine the exact nature of the pyrophosphate linkage, in vitro transcription reactions were carried out in the presence of I*C-SAM and [~,7-~*P]GTP. The labelled, poly(A) + product mRNAs were treated with RNase T2 as before and the T2-resistant product was purified by DEAE--cellulose chromatography as described for Fig 2, This material was then further analysed by high-voltage paper electrophoresis as described for Fig. 3 , it migrated between markers GMP and UMP, and contained both a4C and 32p labels (Fig.  4a) , demonstrating that either the [3 or 7 phosphate of GTP is present in the cap. Upon treatment with bacterial phosphatase, this material lost part of its negative charge and shifted nearer to the origin (Fig. 4 b) , consistent with the loss of a phosphate group (compare Fig. 2 a and b) . However, the ratio of ~4C and ~2p label remained unchanged, confirming that the lost phosphate group (species C, Fig. 1) was not a part of the pyrophosphate linkage. When the phosphatase-resistant species in Fig.  4 (b) was eluted and treated with pyrophosphatase, it produced two radioactive spots (Fig. 4c) , one corresponding to mTGp and containing only 14C, and the other corresponding to orthophosphate (Pi) and containing only 32p. These results further confirm the scheme in Fig. 1 and show that the central phosphate in the pyrophosphate link originated from the [3-phosphate of GTP. Since the mTGp does not contain 32p, its phosphate must have originated from the a-phosphate of GTP, suggesting that the pyrophosphate linkage is 5'-5'.
The origin of the a-phosphates of the pyrophosphate link was ascertained through the use of a-32P-labelled ribonucleotides in the transcription reaction. In these reactions, the concentration of the a-~P-labelled ribonucleotides was reduced to 0.1 raM, except for [a-32P]ATP which was used at 0.5 mM. RNase T2-resistant material obtained from poly(A)+mRNA synthesized in the presence of [a-32P]GTP and 14C-SAM was subjected to high voltage paper electrophoresis as before and the electrophoretic pattern is shown in Fig. 5(a) . Upon treatment with phosphatase, this material liberated about a third of its a2p label; the rest of the 32p and all of the 14C label, however, migrated together (Fig. 5b) . Since the liberated phosphate (species C, Fig. 1 ) is 3' to the second nucleotide (and 5' to the third) in the cap, it must have originated from the a-phosphate of the third nucleotide. This is consistent with the notion that all RS viral mRNAs have the following gene-encoded common sequence (Collins, 1991) at the 5' end: GGGGCAAAU... (also see Fig. 1 ). As expected, the RNase T2-resistant structure did not contain any label when transcription reactions were carried out in the presence of a-32p-labelled ATP, CTP, or UTP (data not shown). The double-labelled material in Fig 5(b) was eluted and a portion of it treated with pyrophosphatase. This resulted in the production of m7Gp containing all of 14C and half of the 3~p label, while the other half of the 32p label migrated as GMP (Fig. 5 c) . A comparison of the labelling pattern in Fig. 5 (c) with that in Fig. 4(c) clearly demonstrates that phosphate groups of both mVGp and GMP (pG) (species D and F, respectively in Fig. 1 ) derived from the a-phosphates of GTP. When digested with a mixture of pyrophosphatase and phosphatase, the double-labelled material in Fig. 5(b) produced single-labelled 14C and a2p spots (Fig. 5d) . The 14C spot was characterized as FroG (as in Fig. 3c ; species G in Fig. 1) , and the 32p spot as Pi.
Results presented so far suggest that the cap structure is either 7mG(5')ppp(5')Gp or G(5')ppp(5')7mGp. Whatever the structure is, since the two nucleosides are linked 5' to 5', the blocking nucleoside will contain free 2' and 3' hydroxyl groups and therefore will be susceptible to periodate oxidation and removal by treatment with aniline. When 14C-methyl-labelled RS viral mRNAs were oxidized with periodate, followed by aniline treatment (Abraham et al., 1975) , less than 5 % radioactivity could be recovered in ethanol-precipitated RNA whereas more than 90 % of the radioactivity remained intact when [~-32P]UMP-labelled viral mRNA was treated identically (data not shown). These results demonstrate that it is the 7raG residue which is sensitive to 13-elimination and, therefore, must represent the blocking nucleoside as depicted in Fig. 1 .
Finally, to test whether capping in RSV is a posttranscriptional event, the P gene mRNA of RS virus was first synthesized in vitro from a pGEM-4 clone using T7 RNA polymerase. The product RNA, containing the invariant RS viral mRNA sequence 5' GGGGCAAA... (Collins, 1991) with triphosphate at the 5' end, was then deproteinized and added with GTP to an RSV transcription reaction that lacked UTP but was otherwise complete. Following incubation for 2 h at 30 °C, a sample of the reaction mixture was checked for incorporation of radioactivity by DE81 filter binding assay. Neither 14C nor 3.~p was detected in the transcripts (data not shown), suggesting that preformed, exogenously added mRNAs are not used as substrates for capping, including guanylylation and methylation. Similar conclusions were obtained earlier in studies of mRNA capping in VSV (Abraham & Banerjee, 1976) . Thus, at least in non-segmented negative-strand RNA viruses, capping appears to be coupled to transcription. However, the exact timing of capping still remains unknown; it is also unknown whether a minimum length of mRNA must be synthesized before capping can take place. Recent studies have shown that capping of the vaccinia virus mRNA is cotranscriptional and requires a minimum of 31 nucleotides to be incorporated into the nascent mRNA (Hagler & Shuman, 1992) .
On the other hand, transcription itself was found to be independent of capping or at least methylation. In RSV this conclusion is based on the following observations (data not shown). The efficiencies of transcription (incorporation of [~-32p]UTP) were identical in the presence and absence of SAM; similar results were obtained previously with VSV and NDV (Testa & Banerjee, 1977; Colonno & Stone, 1975) . Since RSV transcription required cell extract, it could be argued that the extract contributed SAM for methylation of the cap and that transcription was dependent on this endogenous methylation. The following evidence suggested against this possibility. Starting with suboptimal amounts of cell extract, at a fixed concentration of 14C-SAM, it was possible to increase transcription efficiency with increasing amounts of extract added. However, this did not result in any reduction in the specific activity of 14C label in the mRNA, demonstrating a lack of isotopic dilution of SAM by the extract. Moreover, when transcription was carried out in the presence of [[3,7-~2P] GTP and cell extract but in the absence of added SAM, the RNase T2-resistant product of the labelled mRNAs displayed a net charge of -5 (instead of -4 as in Fig. 2a ) in DEAE-cellulose chromatography, suggesting a lack of 7-methylation (which contributes a + 1 charge). Lastly, addition of S-adenosylhomocysteine (SAH) to the transcription reaction inhibited labelling of the mRNA by 14C-SAM (50% and 90% inhibition by 40 gM and 300 laM SAH, respectively) with little or no effect on total transcription (incorporation of [cz-3~P]UTP). It was, however, not tested whether RSV mRNAs synthesized in the presence of SAH were qualitatively altered. VSV, for example, has been shown to synthesize mRNAs containing aberrantly long poly(A) tracts in the presence of SAH (Rose et al., 1977; Hunt, 1989) .
In conclusion, evidence presented here shows that the RS viral mRNA cap has the following features: 7mG is the blocking nucleoside; 7raG is linked to an unmethylated G through a 5'-5' pyrophosphate bond; the following nucleoside is also an unmethylated G; capping, including methytation, is coupled to transcription; and methylation, and probably capping overall, is not essential for viral transcription. The final cap structure of RS viral mRNA is 7mG(5')ppp(5')GpGp .... Although the blocking methylated G is almost certainly extragenic, the other G residues depicted here are likely to be encoded by viral genes (Collins, 1991) . Thus, the cap structure of RS viral mRNA is cap 0 type and essentially identical to that of NDV mRNA. It remains to be seen whether this is a general feature of the mRNA of all paramyxoviruses. Furthermore, capping in NDV and VSV appears to be catalysed by viral function(s) since in both cases capped mRNAs were synthesized by highly purified virions in vitro. For RSV, however, a direct role of host proteins in capping cannot yet be eliminated since transcription by RS viral nucleocapsids in vitro requires host proteins (Barik, 1992) and capping requires ongoing transcription. Identification of the viral and/or cellular proteins in RSV capping must await an in vitro transcription system for this virus reconstituted from purified components.
